Sequencing of DNA fragments of 130 and 200 bp using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry for DNA ladder detection was demonstrated. With further improvement in mass resolution and detection sensitivity, mass spectrometry shows great promise for routine DNA sequencing in the future.
INTRODUCTION
DNA sequencing has become an important technique for biomedical research and clinical applications during the past two decades. With the conventional sequencing approach different sizes of DNA ladders, produced by either the Sanger enzymatic method (1) or the Maxam-Gilbert chemical cleavage method (2) , are separated by gel electrophoresis to read the sequences. Gel electrophoresis involves the use of either radioisotopes or fluorescent dyes for DNA band identification and is a time-consuming process that normally requires at least a few hours. Recently capillary gel electrophoresis (3) and ultra-thin gel electrophoresis (4) have made significant progress in increasing sequencing speed. Nevertheless, speed continues to be limited by the time required for labeling and the gel running time. Several innovative sequencing technologies have been proposed which do not require gels. These technologies include sequencing by hybridization (5), scanning tunneling microscopy (6) , single molecule detection using flow cytometry (7) and matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (8) . Among these new approaches, MALDI is emerging as a promising technology with the potential for very fast sequencing (9) . In this article we present results of sequence determination of both strands of a PCR-amplified 200 bp fragment. The results presented below indicate that the mass spectrometric method of DNA sequencing has advanced to the point of being useful in biomedical research. This method is still below the capability of gel or capillary electrophoretic methods, but the use of unlabeled primers and fast sequence determination make the MALDI approach an attractive alternative.
Since the discovery of MALDI in 1987 (10) sequencing of DNA by mass spectrometry has been proposed. However, in early studies the detection of DNA by MALDI was limited to very short synthetic oligonucleotides (11) due to fragmentation of longer species during the laser desorption step. New matrices better suited to DNA have been discovered (12) (13) (14) and single-stranded (ss)DNA of 500 nt and double-stranded (ds)DNA longer than 500 bp have been detected (15, 16) . DNA fragments generated from the polymerase chain reaction (PCR) have also been successfully detected by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) (17) . The recent development of delayed pulsed ion extraction (18) (19) (20) significantly improves the resolution of proteins and small DNAs. However, the mass resolution of long DNA fragments (DNAs longer than 300 nt) by MALDI is still not high enough to obtain sequencing information.
During the past few years mass spectrometry for sequencing short DNA fragments has been pursued. In 1993 Smith and his colleagues (21) (24) also succeeded in sequencing synthetic ssDNA of 39 nt using streptavidin-coated magnetic beads for purification of DNA ladders. A synthetic 78mer ssDNA was also used as a template for sequencing, but only the G termination reaction was reported; serious fragmentation due to depurination was observed. Smith and co-workers (25) reported MALDI analysis of sequencing reactions from bacteriophage M13 and determined the sequence for samples up to 35 bases in length, however, a few false stops were observed. A complete sequencing effort for a ssDNA with 50 bases was demonstrated with no false stops, no serious fragmentation and no unidentified peaks by Taranenko et al. (26) . Sequencing of DNA fragments of 100 nt was presented by Monforte and Becker (27) , but with no experimental details.
The size of DNAs that can be sequenced using mass spectrometry is shorter than using the gel electrophoresis method because mass resolution and detection sensitivity decrease rapidly for longer DNAs. In order to compensate for poor detection sensitivity we have modified the protocol for DNA ladder preparation to produce larger quantities of long DNA ladders. Furthermore, the ratio of ddNTP to dNTP was optimized for production of these sizes of DNA ladders. In this work we present results using MALDI for sequencing of DNA templates of 130 and 200 bp.
MATERIALS AND METHODS
DNA segments to be sequenced were amplified by PCR. Amplification of selected DNA targets was performed using a Perkin Elmer DNA Thermal Cycler (Norwalk, CT). The entire *To whom correspondence should be addressed. Tel: +1 423 574 5895; Fax: +1 423 576 2115; Email: chenc@ornl.gov Nucleic Acids Research, 1998 , Vol. 26, No. 10 2489 bacteriophage λ DNA served as the template for PCR using a GeneAmp PCR reagent kit (Perkin Elmer). Two primer pairs which define a 130 base (7131-7260) and 200 base (7131-7330) region of the phage genome were used for PCR amplification.
From the PCR kit a ssDNA 25mer, complimentary to λ nt 7131-7155, was used as primer 1 for preparing the 130mer and 200mer PCR fragments. The primer 1 sequence is d(GATGAGTT-CGTGTCCGTACAACTGG). Primer 2, a 20mer complimentary to λ nt 7242-7260, was purchased from Oligos Etc. (Wilsonville, OR) and used without further purification and in combination with primer 1 to produce the 130 bp PCR product. The sequence of primer 2 is d(TCACGGTTCAGTTGTTCACC). To produce the 200mer PCR product primer 1 was used in combination with primer 3, a 20mer that was purchased from Oligos Etc. The sequence of primer 3 is d(GTCATCAAGCTCCTCTTTCA). Amplification for 30 cycles was done routinely using generally applicable conditions and buffers. The conditions for each cycle were: denaturation at 94_C for 1 min, annealing at 52_C for 1 min and extension at 72_C for 1.5 min. To ensure the success of each PCR reaction the PCR products were checked by 2% agarose gel electrophoresis. Bands that corresponded to the expected PCR products were clearly observed. The amplified product was purified using QIAquick DNA purification (Qiagen Inc., Chatsworth, GA), ethanol precipitated and concentrated. The purified template DNA was dissolved in 50 µl sterile deionized water and was used as template for sequencing.
The sequencing reactions on dsDNAs of 130 and 200 bp were performed using a Thermo Sequenase DNA polymerase cycle sequencing formulation (Thermo Sequenase cycle sequencing kit; Amersham Life Science). Since the sequencing kit was not designed to obtain sequences close to the primer, a substantial modification of the sequencing reaction conditions was needed. The balance between chain extension and chain termination was optimized to obtain reliable results. For each set of these four sequencing mixes we scaled up the reaction with four times the vendor's recommended concentration in a single tube. The synthesis of DNA ladders was carried out in one step. Each reaction was performed using 100 pmol 20mer primer (1, 2 or 3 as appropriate) and 4 pmol template (ratio 25:1) with 1 mM each dNTP (7-deazaguanosine triphosphate was used to eliminate most secondary structures) and 2 mM each ddNTP. All reagents were purchased from Amersham Life Sciences (Arlington Heights, IL). The concentration of MgCl 2 in the reaction buffer was adjusted to balance the dNTPs and ddNTPs and the pH was 9.5. DNA polymerase (8 U) was added in accordance with the manufacturer's cycle sequencing protocol. Fifty cycles of reaction were performed in a Perkin Elmer thermal cycler to produce DNA ladders. The conditions for each cycle were: denaturation at 95_C for 30 s, annealing and polymerization at 72_C for 120 s. The reaction was stopped by cooling on ice.
Molecular weights and number of bases of the sequencing ladders generated from a 130 bp template with forward and reverse primers for A, C, T and G reactions were calculated and compared with the peaks obtained from experimental results. They were in good agreement, with variances <100 Da.
All sequencing reaction products were purified on a G-25 Sephadex spin column (QuickSpin; Boehringer Mannheim) following the manufacturer's protocol. After ethanol precipitation the DNA was dried under vacuum and then dissolved in 1 µl sterile deionized water. Sample preparation for MALDI analysis was done by mixing 1 µl analyte DNA fragments with 1 µl matrix solution directly on stainless steel plates and air drying at ambient temperature. The matrix solution was 3-hydroxypicolinic acid:picolinic acid:ammonium fluoride (molar ratio 9:1:1) in 50% aqueous acetonitrile.
A linear TOF mass spectrometer (Voyager; PerSeptive Biosystems, Framingham, MA) equipped with a pulsed nitrogen laser with a wavelength of 337 nm for desorption and ionization was used in obtaining mass spectra of DNA samples. The laser fluence was kept just above the threshold for observing the DNA peaks. The typical laser fluence was 45-65 mJ/cm 2 . The acceleration voltage was 28 125 V. A delayed pulsed ion extraction device was installed to increase mass resolution. The vacuum of the TOF chamber was typically 1.5 × 10 -7 Torr. The signals of negative DNA ions were collected (typically for >100 laser pulses), digitized and averaged by a digital oscilloscope (Tektronix 520A) controlled by a laboratory computer.
RESULTS AND DISCUSSION
We used PCR to produce a template of 130 bp that was used as template with primer 1 or 2 for Sanger sequencing. The PCR product was checked by MALDI to ensure the success of PCR reactions (28) . Figure 1 shows the negative ion mass spectra of DNA ladders from dideoxy A, C, G and T reactions using the reverse primer. Although the resolution is poor for some adjacent peaks (see peaks for 90mer and 91mer in Fig. 1) , the sequence can still be determined from the lack of peaks in the spectra for the other reactions. Sequence identification was obtained up to 120 bases, which represents the sequence of 100 nt. The quantities of primers and templates used in producing DNA ladders are rather high, at a few picomoles, however, the detection sensitivity can be improved by making smaller sample spots. Since our laser spot illuminates <10% of the sample, improvement in detection sensitivity by a factor of 10 is certainly feasible (29) .
Forward primers were also used for sequencing, with results similar to the data shown in Figure 1 . Since sequencing using both forward and reverse primers was demonstrated to cover 100 nt, complete sequencing of 200 bp DNA can be achieved by operating from both ends. Figure 2 illustrates the experimental results of combining the mass spectra from forward and reverse primers to sequence 160 bp dsDNA. The DNA peaks from the shorter DNA fragments, obtained from each end, are prominent and the signal is still adequate for the longer DNAs obtained in both directions.
At present automatic gel sequencers can read up to 1000 bp, but most routine sequencing ranges from 300 to 500 bases. We present results utilizing MALDI-TOF-MS to determine sequences up to 160 bp, indicating that mass spectrometry is emerging as a useful tool for DNA sequencing. Mass spectrometric detection utilizes unlabeled primers. It has the additional advantages of higher sequencing speed and the ability to obtain sequence information close to the primer, which is often difficult with gel techniques. We have also demonstrated the ability to sequence double-stranded templates generated by PCR amplification of specific target sequences. This capability offers a powerful tool for re-sequencing short regions of DNAs for diagnostic purposes, such as sequencing a p53 exon to identify mutations. Mass spectrometric detection of DNA ladders can be used to obtain the sequence and identify point mutations. For short DNA fragments point mutations can be identified by mass spectrometric measurements of the sizes of DNA alone. However, the mass resolution is currently not adequate to detect the 9 Da mass difference between adenine (A) and thymine (T) in a 100 nt segment of ∼30 kDa. Mass spectrometry can help resolve sequence ambiguities in DNAs with a high percentage of GC-rich regions and other secondary structures not resolvable by gel or capillary electrophoretic methods.
CONCLUSION
MALDI-TOF-MS has been successfully used for detection of the components of DNA ladders to achieve sequencing of dsDNA templates of 130 and 200 bp using 20mer primers. With improved resolution and sensitivity in the future, mass spectrometric DNA sequencing should become very valuable for de novo sequencing. With the rapid discovery of new genes, mass spectrometry should be even more valuable for re-sequencing for mutation detection, since the size of DNAs to be re-sequenced usually does not need to be long. We expect that mass spectrometry will complement the existing sequencing technologies by being a fast label-free method and will be useful in resolving sequence ambiguities.
